INTRODUCTION
Lipids have broad and important functions for living organisms. Oil bodies (lipid droplets) are known to be universal cellular organelles that act as lipid storage compartments such as triacylglycerols (Farese and Walther, 2009; Krahmer et al., 2009) . Oil bodies are usually surrounded with phospholipids and various oil-body proteins (Murphy and Vance, 1999; Murphy, 2012) . Plant cells develop a number of oil bodies (Murphy, 2001) . The lipids stored in seeds supply energy for seed germination and have drawn attention as a bioenergy resource. However, vegetative organs, including leaves, which do not require storage lipids for growth, also develop oil bodies (Lersten et al., 2006) , suggesting that these structures may have unknown function(s) in addition to acting as a source of energy. The physiological roles of oil bodies are poorly understood, especially in vegetative tissues.
Plants produce a variety of secondary metabolites including phytoalexins (antimicrobial compounds which are synthesized after stresses) and bioactive lipids. Bioactive lipids, such as jasmonate (Li et al., 2002) and green leaf volatiles (Matsui, 2006) , have activities to defend against pathogens and herbivores. Some of oxygenated lipids, which are referred to as oxylipins, are synthesized from linoleic acid by lipoxygenases within chloroplasts (Porta and Rocha-Sosa, 2002) . It is known that oxylipins play an important role as signaling compounds and defense compounds related to biotic stresses and insect infestation (Blee, 2002; Prost et al., 2005; Nalam et al., 2012) . However, there are few reports describing the synthesis of bioactive oxylipins in oil bodies (Yadav and Bhatla, 2011) . Furthermore, it is not clear whether oil bodies, which consist mainly of triacylglycerols, supply the source materials for the production of bioactive oxylipins.
Fungal infection can dramatically affect crop production. Colletotrichum is a common infectious and pathogenic fungus in variety of crops and many species of this fungus use a hemibiotrophic infectious strategy to invade host plants (Perfect et al., 1999) . Adapted Colletotrichum species form appressoria and later primary hyphae when they infect plants (Shimada et al., 2006) . Experimental systems have been established using Colletotrichum species that consist of an infection assay, a conidia germination assay, and stable transformation procedures (Kimura et al., 2001; Takano et al., 2001; Hiruma et al., 2010) . interaction between the fungus and A. thaliana plants in the infected area (Narusaka et al., 2009; Hiruma et al., 2010; Hiruma et al., 2011) . However, little is known about the defense responses in the perilesional area surrounding the infected area.
Plants produce anti-fungal compounds in response to biotic stresses. These biotic-stress-induced anti-fungal compounds are defined as phytoalexins (Ahuja et al., 2012) .
Phytoalexins have a crucial role in plant defense against pathogens. Camalexin (Tsuji et al., 1992; Glazebrook and Ausubel, 1994) and rapalexin A (Pedras and Adio, 2008; Ahuja et al., 2012 ) are known to be phytoalexins of A. thaliana. The biosynthesis pathway and the related enzymes of camalexin have been well characterized (Ahuja et al., 2012) . PAD3 (PHYTOALEXIN DEFICIENT 3) , which encodes an enzyme catalyzing the final step of camalexin biosynthesis, is required for defense against necrotrophic fungus Alternaria brassicicola (Thomma et al., 1999) . A. thaliana plants are supposed to have more phytoalexins unidentified.
Seeds have oil bodies surrounded by oleosins, caleosins, and steroleosins (Shimada and Hara-Nishimura, 2010) . Seed oleosins have a central hydrophobic domain and a proline knot motif responsible for targeting the protein to oil bodies (Abell et al., 1997; Chen et al., 1999; Takahashi et al., 2000; Chen and Tzen, 2001; Aubert et al., 2010) , and they confer freezing tolerance to seedlings by maintaining proper oil body size within seed cells (Siloto et al., 2006; Shimada et al., 2008) . Caleosins have a Ca 2+ binding motif (an EF hand motif) in addition to the oil body targeting domains (Abell et al., 1997; Chen et al., 1999; Takahashi et al., 2000; Chen and Tzen, 2001; Aubert et al., 2010) . Seed caleosin has been shown to possess peroxygenase activity (Hanano et al., 2006) . Recent studies show that caleosin homologues express in vegetative tissues (Aubert et al., 2010; Kim et al., 2011) . However, the other proteins on leaf oil bodies are not known. In the present study, α-dioxygenase (α-DOX1) was identified as an oil body protein and shown to function together with caleosin in dying leaf cells to produce a novel phytoalexin with anti-fungal activity against Colletotrichum.
RESULTS

Identification of α-DOX1 as an Oil-Body-Localized Protein
To investigate the role of leaf oil bodies, we first focused on the oil-body protein caleosin 3 (CLO3/RD20/PXG3) of A. thaliana (Takahashi et al., 2000; Hanano et al., 2006; Aubert et al., 2010) . CLO3 was present in senescent leaves but undetectable in green leaves (Fig. 1A ),
suggesting that dying cells synthesize CLO3. Spherical-shaped oil bodies are observed in cytoplasm of the senescent leaf cells, but not in chloroplasts (Fig. 1B) , suggesting that oil bodies that we focused on in this study were not related to plastoglobules of chloroplasts. To identify the molecular components of leaf oil bodies, transgenic plants expressing under the control of the native CLO3 promoter (pCLO3::CLO3-GFP) were generated.
Immunoprecipitation of CLO3-GFP-tagged oil bodies from senescent leaves of transgenic plants using anti-GFP antibodies yielded two bands corresponding to CLO3-GFP and endogenous CLO3, which were identified with an anti-CLO3 antibody (Fig. 1C) . Mass spectrometric analysis of CLO3-GFP-tagged oil bodies was performed in triplicate on the LTQ-Orbitrap (Supplemental Data S1). In this study, we especially focused on α-dioxygenase 1 (α-DOX1) with a high score (Fig. 1D ). α-DOX1 was remarkably upregulated in senescent leaves as was CLO3 (Supplemental Fig. S1 ). As expected, CLO3-GFP was localized to the leaf oil bodies (Fig. 1E , CLO3-GFP). Although α-DOX1 is thought to be a soluble cytosolic protein (Arabidopsis thaliana database ATTEDII) (Obayashi et al., 2009 ), α-DOX1-GFP was also detected on the leaf oil bodies (Fig. 1E , α-DOX1-GFP). Colocalization of α-DOX1 and CLO3 on leaf oil bodies was further demonstrated by the transient expression of α-DOX1-RFP and CLO3-GFP (Fig. 1, F and G), and by the transient expression of α-DOX1-GFP and CLO3-RFP (Fig. 1, H and I ). Importantly, these analyses identified α-DOX1 as a new oil-body-localized protein.
Development of CLO3-and α-DOX1-Positive Oil Bodies in Perilesional Areas of Leaves
Infected with C. higginsianum
Infection of C. higginsianum, which is pathogenic to A. thaliana (Narusaka et al., 2004; O'Connell et al., 2004) , resulted in the formation of lesions on leaves 4 days after infection.
CLO3 mRNA began to accumulate 4 days after infection with C. higginsianum, and the levels increased significantly within 7 days ( Fig. 2A) , similar to the increase in CLO3 protein (Fig.   2B ). α-DOX1 mRNA also began to accumulate 4 days after infection (Fig. 2C ). These results indicated that CLO3 and α-DOX1 are inducible by fungal infection. We next examined emergence of CLO3-positive and α-DOX1-positive oil bodies in greater details after infection of C. higginsianum. Leaves showed yellowing (chlorosis) of the tissues surrounding the infected area 4 days after infection, (Fig. 3A) . Interestingly, we found that CLO3-GFP expression in the pCLO3::CLO3-GFP transgenic plants was clearly limited to the yellowing perilesional areas (an area free of fungi) but was not detected in areas where C. higginsianum 8 proliferated (Fig. 3B ). On the other hand, transgenic plants expressing α-DOX1-GFP driven by the native α-DOX1 promoter (pα-DOX1::α-DOX1-GFP) were infected with C.
higginsianum. α-DOX1-GFP was detected both in the yellowing perilesional areas and in areas where C. higginsianum proliferated (discussed below). By observation at higher resolution, CLO3-GFP and α-DOX1-GFP were detected on the surface of oil bodies of the perilesional cells (Fig. 3, C and D) . Most of the Nile red stained oil bodies had CLO3-GFP and had α-DOX1-GFP (Fig. 3E) , showing the colocalization of both proteins on the leaf oil bodies of the transgenic plants. The stainability of oil bodies with Nile red shows that the oil bodies surrounded by CLO3 and α-DOX1 contained neutral lipids including TAG. Therefore, the oil bodies are defined as normal leaf oil bodies, but not lipid droplets derived from damaged membranes. The fluorescence signals of CLO3-GFP or α-DOX1-GFP were not merged with those of plastids (Fig. 3, F, G and H) , indicating that the leaf oil bodies are not related to plastoglobules of plastids. These results suggest that perilesional dying cells are involved in the active induction of both CLO3 and α-DOX1 on leaf oil bodies.
The number of CLO3-GFP-positive oil bodies ( CLO3-or α-DOX1-GFP-positive oil bodies were detected in uninfected leaves or in the green areas outside of the yellowing perilesional areas. In the perilesional areas, CLO3-and α-DOX1-GFP-positive oil bodies increased in density 4 days after infection. On the other hand, in the infected area, although CLO3-GFP-positive oil bodies did not develop, α-DOX1-GFP-positive oil bodies increased in density 3 days after infection (Fig. 4) . These results indicated that the perilesional cells actively synthesized both CLO3 and α-DOX1 and deposited them on leaf oil bodies.
Coordinated Activity of α-DOX1 and CLO3 in Oxylipin Synthesis
The subcellular colocalization of CLO3 and α-DOX1 suggested that they may function together on the leaf-oil bodies. To clarify the roles of α-DOX1 and CLO3, recombinant proteins were synthesized (Supplemental Fig. S4 ) and incubated with α-linolenic acid (a major fatty acid component of oil bodies) in vitro. The reaction products of α-DOX1 and CLO3 were examined by HPLC. Prior to the reaction, α-linolenic acid produced a single peak (Fig. 5A , α-linolenic acid); however, after incubation with α-DOX1 and CLO3 for 24 hours, the α-linolenic acid peak decreased and a new peak (P1) was detected (Fig. 5B ). P1 was not present after the incubation of α-linolenic acid with α-DOX1 (Fig. 5C ) or CLO3 (Fig. 5D) alone. P1 was identified as 2-hydroxy-octadecatrienoic acid (2-HOT) by tandem mass spectrometry (Fig. 5E ). These results indicated that the coordinated activity of α-DOX1 and CLO3 resulted in the production of 2-HOT from α-linolenic acid. Fig. 5F illustrates a possible pathway (discussed below). The oxygenated fatty acid metabolite 2-HOT is one of oxylipins.
Considering the fact that typical plant oxylipins are synthesized within chloroplasts (Porta and Rocha-Sosa, 2002) , the oil body might be a novel subcellular site of oxylipin biosynthesis in plants.
Oxylipin 2-HOT Has Anti-Fungal Activity against Members of the Genus Colletotrichum
Plant oxylipins are known to have a variety of biological activities and are involved in the defense against pathogens (Namai et al., 1993; Prost et al., 2005; Walters et al., 2006) . We examined the potential anti-fungal activity of 2-HOT against Colletotrichum. Infection of C.
higginsianum resulted in the formation of lesions on leaves 7 days after infection (Fig. 6A, 0 µM). Treatment with 50 µM 2-HOT strongly suppressed lesion formation by C. higginsianum (Fig. 6A , 50 µM; Supplemental Fig. S5 ) and caused a 99% decrease in the number of leaves forming lesions (Fig. 6B ). Additionally, 2-HOT at the concentration of 50 µM clearly inhibited C. higginsianum spore germination (Fig. 6C ). The activity of another species of
Colletotrichum that infects cucumber leaves, C. orbiculare (Takano et al., 2009) , was also suppressed by 2-HOT at the concentration of 50 µM (Fig. 6D ), suggesting that 2-HOT has anti-fungal activity against the genus Colletotrichum. Furthermore, 2-HOT reduced C.
orbiculare spore germination in a dose-dependent manner but α-linolenic acid was ineffective (Fig. 6, E and F) . The effective concentration of 2-HOT was comparable with that reported for other anti-fungal oxylipins (Namai et al., 1993; Prost et al., 2005; Walters et al., 2006) .
Taken together, these findings suggested that oil bodies may play a role in converting a non-anti-fungal compound (α-linolenic acid) into a stable anti-fungal compound (2-HOT).
Thus, plants might have evolved an oil body-mediated toxin production system to protect healthy tissues and young plants from fungal infection. To explore if 2-HOT is a phytoalexin, which is synthesized de novo after perception of stresses including pathogen infection (Ahuja et al., 2012) , we examined the induction of 2-HOT accumulation in response to C. higginsianum infection by using LC-MS. LC-MS analysis showed that the 2-HOT level in infected leaves was approximately 19-fold higher than that in uninfected leaves ( Fig. 7A; Supplemental Fig. S6A ). This result indicates that the stable oxylipin 2-HOT is a novel phytoalexin.
To determine whether α-DOX1 and α-DOX2 are involved in the production of 2-HOT in vivo, we generated α-dioxygenase mutants, including two α-dox1 single mutant alleles (α-dox1-1 and α-dox1-4), two α-dox2 single mutant alleles (α-dox2-2 and α-dox2-1), and two double mutant alleles (α-dox1-1 α-dox2-2 and α-dox1-4 α-dox2-1). The 2-HOT levels in these mutants were determined in the leaves before and after C. higginsianum infection.
Intriguingly, a deficiency of α-DOX1 caused a significant reduction in the 2-HOT levels, whereas a deficiency of α-DOX2 did not ( Fig. 7A; Supplemental Fig. S6A ). This result indicates that α-DOX1, but not α-DOX2, contributes to the phytoalexin 2-HOT synthesis.
We next examined the induction of 2-HOT synthesis during senescence. As expected from upregulation of CLO3 and α-DOX1 in response to senescence ( Fig. 1A ; Supplemental Fig. S6B ). The 2-HOT level in senescent leaves of the α-dox1-1 α-dox2-2 double mutant was three orders of magnitude lower than that in senescent wild-type leaves (Supplemental Fig. S6B ). The α-dox1 mutants expressed no α-DOX1 mRNA, whereas the α-dox2 mutants expressed only a very small amount of α-DOX2 mRNA in senescent leaves (Supplemental Fig. S6C ). A deficiency in α-DOX1 caused a significant reduction of the 2-HOT levels in senescent leaves, whereas a deficiency in α-DOX2 did not ( Fig. 7B; Supplemental Fig. S6A ). These results indicate that senescence and fungal infection both induce α-DOX1-dependent 2-HOT production. The in vitro data (Fig. 5 ) and these results suggest that α-DOX1 functions coordinately with CLO3 in the synthesis of the novel phytoalexin 2-HOT in response to fungal infection and senescence.
We also generated the clo3 mutant (Supplemental Fig. S8A ) and determined the 2-HOT content in this mutant. In contrast to α-dox1 mutants, the clo3 mutant exhibited no reduction of the 2-HOT levels (Supplemental Fig. S8B) . A. thaliana has eight caleosin homologues including CLO3 (Hanano et al., 2006; Partridge and Murphy, 2009 ). In addition, one of the closely related homologues, CLO4, is localized at oil bodies in Arabidopsis leaves (Aubert et al., 2010; Kim et al., 2011) . Hence, the other homologues might compensate the lack of CLO3, resulting in no reduction of the 2-HOT content in the clo3 mutant. Whereas caleosins could be related to 2-HOT production, we cannot eliminate the possibility that some other oil body proteins play the same role.
DISCUSSION
The present study shows that leaf oil bodies play other roles in addition to oil storage.
The results indicate that oil bodies function as subcellular factories for the production of a novel phytoalexin. To our knowledge, this is the first evidence of an active function of leaf oil bodies. The production of 2-HOT from α-linolenic acid required the coordinated action of two enzymes, α-dioxygenase and peroxygenase. CLO3 may act as a peroxygenase (Fig. 5F ), which is consistent with the fact that the seed-type caleosin CLO1/PXG1 has peroxygenase activity (Hanano et al., 2006) . α-DOX1 catalyzes the conversion of α-linolenic acid to 2-hydroperoxy-octadecatrienoic acid (2-HPOT, Fig. 5F ), which is unstable and easily degraded to heptadecatrienal (Hamberg et al., 1999) . Without 2-HPOT degradation, the peroxygenase CLO3 is hypothesized to catalyze a coupling reaction in which 2-HPOT and α-linolenic acid are converted into 2-HOT and a fatty acid epoxide (Fig. 5F ). The colocalization of α-DOX1 and CLO3 on oil bodies would prevent the degradation of unstable 2-HPOT, resulting in the efficient production of the more stable 2-HOT. This might explain the slow in vitro rate of production of 2-HOT in the presence of both α-DOX1 and CLO3 ( Fig.   5B ), because of a diffusion-limited time lag for the two enzymes and the substrate to combine.
The colocalization of α-DOX1 and CLO3 together with α-linolenic acid might be necessary for efficient 2-HOT production.
The phytoalexin 2-HOT might be mainly produced in senescent leaves and in the perilesional area of the infected leaves, where both α-DOX1 and CLO3 genes are upregulated ( Fig. 2; Supplemental Fig. S1 ). On the other hand, no 2-HOT might be produced in the infected area, where only α-DOX1 gene was upregulated (Fig. 4) , although we cannot exclude the possibility that α-DOX1, together with other homologues of caleosins, functions in production of 2-HOT in the infected area.
Although α-DOX1-GFP was detected to be localized on the leaf oil bodies (Fig. 1E , α-DOX1-GFP), it cannot be excluded that α-DOX1 is also distributed in the cytosol. However, it appears that such non-oil body α-DOX1, if any, is not involved in the 2-HOT production, from the three reasons as follows: 1) Although α-DOX2 has a similar dioxygenase activity toward α-linolenic acid to α-DOX1 (Bannenberg et al., 2009), α-DOX2 did not contribute to the 2-HOT production (Fig. 7) . Interestingly, we found that α-DOX2 was not localized on oil bodies, but endoplasmic reticulum-like structures (Supplemental Fig. S9 ). These findings suggest that the 2-HOT production by α-dioxygenases occurs on oil bodies. Consequently, oil-body localized α-DOX1 might mainly contribute to produce 2-HOT. 2) CLO3 (a caleosin isoform) is localized on oil bodies (Aubert et al., 2010) . For efficient production of 2-HOT via unstable intermediate 2-HPOT, α-DOX1 should be close to CLO3. Hence non-oil-body α-DOX1 hardly contributes to the production of 2-HOT.
3) The substrates α-linolenic acids might be concentrated in oil bodies. Probability of collision between non-oil-body α-DOX1 and the substrates is considered to be low.
Several phytoalexins have been reported; however, the organelle(s) involved in the synthesis of phytoalexins were not fully known. Therefore, this study provides a valuable insight into the production of the novel A. thaliana phytoalexin 2-HOT. A previous report showed that 2-HOT suppressed the cell death that resulted from infection with pathogenic bacteria (Hamberg et al., 2003; Vicente et al., 2012) . A recent report suggested that 2-HOT correlated with defense activation during insect feeding in Nicotiana attenuate (Gaquerel et al., 2012) . These reports imply that 2-HOT is a multi-functional metabolite against fungi, bacteria, and insects, and that the oil body-mediated 2-HOT production system functions in defense against these invaders. The novel phytoalexin 2-HOT also was found in Nicotiana attenuate (Steppuhn et al., 2010) . Genes with homology to CLO3 and α-DOX1 were found in rice (Oryza sativa), grape (Vitis vinifera), fern (Selaginella moellendorffii), and moss (Physcomitrella patens) (SALAD Database, http://salad.dna.affrc.go.jp/salad/) (Mihara et al., 2010) . Consequently, the oil body-mediated 2-HOT production system could be widespread in land plants.
The bioactive compound-producing oil bodies develop in dying cells of the perilesional tissues and senescent leaves. They are responsible for the accumulation of stable phytoalexins in dead tissues and fallen leaves, which are unable to generate active defenses. Little is known about immunity in the perilesional area in plants, although immunity in the infected regions is well characterized (Collins et al., 2003; Hatsugai et al., 2004; Lipka et al., 2005; Jones and Dangl, 2006; Stein et al., 2006; Hatsugai et al., 2009; Narusaka et al., 2009; Shirasu, 2009; Hiruma et al., 2010; Hara-Nishimura and Hatsugai, 2011 conceptual advance to our understanding of oil body function by revealing a form of perilesional defense in leaf oil bodies that is designed to block the spread of fungi from dead tissues to healthy tissues.
Plant defense responses against pathogen infection involve the activation of cell-autonomous immunity in the infected region (Hatsugai et al., 2004; Hatsugai et al., 2009; Hara-Nishimura and Hatsugai, 2011) . Infection-site defense strategies have been well characterized and work primarily to stop pathogen proliferation (Collins et al., 2003; Lipka et al., 2005; Jones and Dangl, 2006; Stein et al., 2006; Narusaka et al., 2009; Shirasu, 2009; Hiruma et al., 2010 ). The present study shows that the perilesional tissues may also be involved in the prevention of fungal propagation through oil body-mediated toxin production.
This perilesional system might function as a secondary defense against fungal infection. The expression of CLO3 and α-DOX1 was markedly enhanced by senescence and the plant hormone abscisic acid (ABA) (Supplemental Fig. S7 ). Therefore, ABA might be an inducer of the oil body system in perilesional cells. ABA, which is an essential signal for plant resistance to pathogens (Adie et al., 2007) , might be translocated from fungal-infected areas to the perilesional area to induce the expression of CLO3 and α-DOX1. The plant hormone methyl jasmonate (MeJA) does not significantly induce the expressions of α-DOX1 and CLO3 (Supplemental Fig. S7 ), suggesting that the senescence and infection conditions to induce these two genes are not linked to the wounding or damage condition.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
A. thaliana ecotype Columbia (Col-0) and Landsberg erecta (Ler) was used as the wild-type plant. A. thaliana seeds were surface sterilized with 70% ethanol, sown on Murashige-Skoog (MS) medium (Wako, Tokyo, Japan) with 1% (w/v) sucrose and 0.8% (w/v) agar, and incubated at 4 °C for 1-3 days to break seed dormancy. The seeds were germinated and grown at 22 °C under continuous light (100 µEs -1 m -2 ) for 3 weeks, and then transferred to vermiculite for growth at 22 °C using a 16-hour light (100 µEs 
Fungal Cultures
Colletotrichum higginsianum strain (MAFF305635) and Colletotrichum orbiculare (syn.
Colletotrichum lagenarium) strain 104-T (MAFF240422) were obtained from the MAFF Genbank (Japan). A transgenic C. higginsianum expressing RFP has been described previously (Hiruma et al., 2010) . The fungal cultures were maintained on potato dextrose agar medium (Difco Laboratories, Detroit, MI) at 24 °C in the dark. Conidia were obtained by gentle scraping of cultures incubated for 7 to 14 days, followed by filtration through two layers of sterile cheesecloth.
Chemicals
Two optical isomers of 2-hydroxy-octadecatrienoic acid were used: 
Plasmid DNA Constructions
The plasmid constructs were produced using Gateway Technology (Invitrogen, Carlsbad, CA) with the destination vectors pGWB405 (Nakagawa et al., 2007) , pGWB560 (AB543177) (Nakagawa et al., 2007; Nakamura et al., 2010) , pBGWF7 (Karimi et al., 2002; Shimada et al., 2009 ) (Plant System Biology, Gent, Belgium) and FAST-R7 (Shimada et al., 2009)(Plant System Biology). The CLO3 cDNA fragment from nucleotide 1 corresponding to A of the start codon ATG to nucleotide 708 was amplified by PCR using the primer set The CLO3 genomic DNA fragment (from nucleotide -1127 to 1388) were amplified by PCR using the primer set 5'-CACCGTTAATGAATATCTTGACAACA-3' and 5'-GGTCTTGTTTGCGAGAATTGGC-3'. PCR was performed with A. thaliana genomic DNA and KOD -Plus-(Toyobo, Osaka, Japan). The CLO3 genomic fragment was inserted into pENTER/D-TOPO (Invitrogen) by a TOPO reaction to produce an entry clone. The clone was then transferred into the destination vector, pBGWF7, by an LR recombination reaction (Invitrogen) to create a vector (pBGWF7-pCLO3-CLO3). The α-DOX1 genomic DNA fragment (from nucleotide -2181 to 3036) was amplified by PCR using the primer set 5'-CACCGACTCTTTATTTCTTTGTCAAAC-3' and 5'-GAGAGGGAATTCGGAGATAGAGAG-3'. PCR was performed with A. thaliana genomic DNA and PrimeSTAR HS DNA polymerase. The α-DOX1 genomic fragment was inserted into pENTER/D-TOPO (Invitrogen) by a TOPO reaction to produce an entry clone.
The clone was then transferred into the destination vector, pFAST-R7, by an LR recombination reaction (Invitrogen) to create the pFAST-R-pα-DOX1-α-DOX1 vector.
Stable Transformation of A. thaliana Plants
Three vectors of pBGWF7-pCLO3-CLO3 or pFAST-R-pα-DOX1-α-DOX1 were each introduced into A. thaliana (Col-0) plants via Agrobacterium tumefaciens (strain GV3101) using the floral-dip method (Bechtold and Pelletier, 1998) 
Immunoprecipitation
Extracts from senescent leaves of the wild-type (Col-0) and pCLO3::CLO3-GFP (0.8 g fresh weight) were ground with 1.5 ml extraction buffer containing 20 mM Tris-HCl, 150 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and protein inhibitor (complete, EDTA-free; Roche, Mannheim, Germany). The extracts were centrifuged at 500 g for 1 min at 4°C; the supernatants were centrifuged at 1,000 g for 5 min at 4°C followed by 8,000 g for 10 min at 4°C. The supernatants (1 mL each) were subjected to immunoprecipitation with 50 µL of anti-GFP microbeads (µMACS GFP tag protein isolation kit, Milteny Biotech, Gladbach, Germany), and then were applied to a column (µ column, Milteny Biotech). Pure immunoprecipitates were eluted with 50 µL of elution buffer (2% SDS).
Immunoblotting
Immunoblot procedures followed those of previous studies (Shimada et al., 2008) . A. thaliana leaves were homogenized in each 2~10 fold SDS-sample buffer [100 mM Tris-HCl, 
Proteomic Analysis
The procedures for proteomic analysis have been described previously (Fujiwara et al., 2009 ). Immunoprecipitated samples (25 µL) were added to 25 µL of SDS-sample buffer, and then subjected to SDS-PAGE on 7.5 -15% acrylamide-gradient-gels (BIO CRAFT, Tokyo, Japan). For shotgun analysis, gel lanes were divided into three blocks. Each block was cut into small pieces, washed with 100% (v/v) acetonitrile (Kanto Chemical, Tokyo, Japan), and dried in a vacuum concentrator. The dried gel pieces were reduced with 10 mM DTT/50 mM 
Electron Microscopy
The aerial parts of 6-week-old plants (Col-0) were transferred to the dark condition at 24 °C, and incubated for 7 days to obtain the senescent leaves. The senescent leaves were cut into small pieces, and were fixed with 2% paraformaldehyde, 2% glutaraldehyde in 0.05 M cacodylate buffer pH 7.4 at 4°C overnight. Then, the samples were rinced three times with 0.05 M cacodylate buffer for 30 min each, followed by post fixation with 2% osmium tetroxide in 0.05 M cacodylate buffer at 4°C for 3 hours. The samples were dehydrated through a series of ethanol (50%, 70%, 90% and 100%). The schedule was as follows: 50% and 70% for 30 min each at 4°C, 90% for 30 min at room temperature, and four changes of ultra-thin sectioned at 70 nm with a diamond knife using a ultramicrotome (ULTRACUT UCT, Leica, Wetzlar, Germany) and sections were placed on copper grids. They were stained with 2% uranyl acetate at toom temperature for 15 min, and then rinsed with distilled water, and they were secondary-stained with Lead stain solution (Sigma-Aldrich Co.,) at room temperature for 3 min. The grids were observed by a transmission electron microscope (JEM-1400Plus, JEOL Ltd.,) at an acceleration voltage of 80 kV. Digital images were (2048x2048 pixels) were taken with CCD camera (VELETA; Olympus Soft Imaging Solutions GmbH).
Confocal Laser Scanning Microscopy
GFP images of transgenic plants were obtained with a confocal laser scanning microscope (LSM510 META) using the 488-nm line of a 40-mV Ar/Kr laser or the 544-nm line of a 1-mW He/Ne laser. Differential interference contrast (DIC) images were obtained with the same microscope. Procedures followed those described previously (Shimada et al., 2008) . The 488-nm laser was used to excite GFP, whereas the 543-nm laser was used to excite RFP and auto-fluorescence of plastids. The leaves of transgenic plants (pCLO3::CLO3-GFP and pα-DOX1::α-DOX1-GFP) infected with C. higginsianum were observed using a confocal laser scanning microscope to determine the numbers of punctate fluorescent structures in primary lesion areas, secondary lesion areas, and areas outside of secondary lesions.
Nile Red Staining
A. thaliana leaves were vacuum-infiltrated for 5 min with 2.5 µg/mL of Nile red stain in water. The fluorescence of GFP and Nile red was inspected using the confocal laser scanning microscope. Their fluorescence spectra were separated using LSM510 META.
Transient Expression Assay in Nicotiana benthamiana
Five vectors (pGWB405-CLO3-GFP, pGWB405-α-DOX1-GFP, pGWB405-α-DOX2-GFP, pGWB560-CLO3-RFP and pGWB560-α-DOX1-RFP) were developed with transient expression assays as described previously (Sparkes et al., 2006) . The vectors were independently transformed into A. tumefaciens (strain GV3101). Transformed A. tumefaciens strains were inoculated (~1.0 OD) into the leaves of 5-to 7-week-old N. benthamiana plants. One day after A. tumefaciens inoculation, 100 µM ABA was infiltrated into the inoculated leaves to induce leaf oil bodies. Two days after A. tumefaciens inoculation, the inoculated leaves were observed with a confocal laser-scanning microscope (LSM510 META; Carl Zeiss, Jena, Germany).
Measurement of Anti-Fungal Activity
To measure anti-fungal activity on cucumber, conidial suspensions of C. orbiculare (5 × 
C. higginsianum Inoculation
A. thaliana plants for fungal inoculation were grown at 22 °C for 3 weeks under continuous light (100 µEs -1 m -2 ), and then transferred to vermiculite at 22 °C for 4 weeks under a 16-hour light (100 µEs -1 m -2 )/8-hour dark photoperiod. One drops (2 µL each) of conidial suspension (5 × 10 5 conidia per mL) were spotted on each leaf of the plants, as described previously (Hiruma et al., 2010) . Inoculated plants were placed at 22 °C under continuous light (100 µEs -1 m -2 ) and 100% relative humidity.
To measure anti-fungal activity, conidial suspensions of C. higginsianum (5 × 10 5 conidia per mL) with 1.5% ethanol (control), 25 µM 2(R,S)-HOT and 50 µM 2(R,S)-HOT were prepared. Four independent 4-week-old A. thaliana plants were used for each conidial suspension. We made eight spots of each suspension on four leaves of a single plant. The plants were incubated for 7 days at 24 °C using a 16-hour light (100 µEs -1 m -2 ) /8-hour dark photoperiod under 100% relative humidity. This experiment was replicated three times. We determined frequency rates of leaves that formed lesions after infection with C. higginsianum.
C. higginsianum Spore Germination Assay on A. thaliana Leaves
Conidial suspensions of C. higginsianum (5 × 10 5 conidia per mL) with 1.5% ethanol, 25 µM 2(R,S)-HOT and 50 µM 2(R,S)-HOT were prepared. The conidial suspensions were spotted on 4-week-old A. thaliana leaves. The plants were incubated for 1 day at 24 °C using a 16-hour light (100 µEs -1 m -2 ) /8-hour dark photoperiod under 100% relative humidity. The number of germinated conidia, which was defined as conidia with appressorium or hyphae, was counted. This experiment was repeated three times.
C. orbiculare Spore Germination Assay on Glass Slides
Conidia were suspended in 0.1% yeast extract (Nacalai tesque, Kyoto, Japan) with each solution of 0.3% ethanol (control), 2(R)-HOT (10, 25 or 50 µM), and α-linolenic acid (10, 25 or 50 µM). The conidial suspensions of C. orbiculare (5 × 10 5 conidia per mL) were incubated on multiwell glass microscope slides (ICN Biomedicals, Santa Clara, CA) at 24 °C for 3 hours, as described previously (Takano et al., 2001 ). The number of germinated conidia, which was defined as conidia with appressorium or hyphae, was counted. This experiment was repeated three times.
Expression and Purification of Recombinant CLO3 and α-DOX1
Recombinant CLO3 and α-DOX1 were expressed in tobacco BY2 cells using the tomato mosaic virus infection system, according to previous studies (Dohi et al., 2006; Dohi et al., 2008) . At 2 days after subculturing the cells, β-estradiol was added at a final concentration of 10 µM. After a 3-day incubation period, the cells were freeze-thawed, sonicated and then centrifuged for 10 min at 30,000 rpm and 4°C. The supernatant was applied to a Ni 2+ affinity column to purify the recombinant protein using a histidine tag (6XHis). The eluted fraction was dialyzed in 0.1 M HEPES (pH 7.2) to remove imidazole. The purified proteins were subjected to SDS-PAGE followed by either staining with Coomassie blue or immunoblotting with anti-CLO3 antibody.
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HPLC Analysis and MS/MS Analysis
HPLC was performed with a column of µRPC C2/C18 ST 4.6/100 (GE Healthcare). The solvent systems consisted of mixtures of acetonitrile, water, and trifluoroacetic acid in volume proportions of 5:95:0.1 (solvent A) or 95:5:0.1 (solvent B). The absorbance (210 nm) was assessed using an ultraviolet detector of AKTApurifier 10. Enzyme solutions were subjected to HPLC using a solvent system with 100% solvent A for 6.6 mL, followed by a linear increase in solvent B up to 60% solvent B within 0.8 mL, and finally, by an isocratic post-run with 60% solvent B for 22.6 mL. The flow rate was 0.75 mL/min. The P1 peak appeared with an elution volume of 14.6 mL. The fraction of enzyme solution of CLO3 and α-DOX1 for 24 hours with an elution volume of 14.5 to 15.5 mL was gathered.
For qualitative analysis of metabolism, a 14.5 to 15.5 mL (P1) fraction (CLO3 and α-DOX1 for 24 hours) was analyzed by using 2(R)-HOT as a standard with a Waters Q-TOF Premier high resolution mass spectrometer. Ion detection was achieved in negative mode using a source capillary voltage of 3.5 kV, a sampling cone voltage of 25 V, a source temperature of 80°C, and a cone gas flow of 40 L/h (N 2 ).
Quantification of 2-HOT in Wild Type and α-dioxygenase Mutants by LC-MS
A. thaliana plants (wild type α-dox2-1 and clo3 KO) were sown on rockwool, incubated at 4 °C for 1-3 days, and grown at 24 °C. Leaves of 4-week-old ~ 6-week-old plants were used as uninfected leaves. Four-week-old plants were infected with C. higginsianum, and the leaves 4 days after the fungal inoculation were used as infected leaves. The aerial parts of 4-week-old ~ 6-week-old plants were transferred to the dark condition at 24 °C, and incubated for 7 days to obtain the senescent leaves.
To measure the 2-HOT contents by liquid chromatography mass spectrometry (LC-MS), samples were prepared from the leaves as previously reported (Okazaki et al., 2009; Okazaki et al., 2013) , except that the samples were finally dissolved in ethanol. High-resolution electrospray MS was recorded in negative ion mode using a Xevo G2 QTof MS combined with an ACQUITY UPLC system (Waters). Conditions for LC were as follows: column, ACQUITY UPLC HSS T3 1.8 µm was used.
RT-PCR Analysis
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RNeasy Plant Mini Kit (QIAGEN). RNA was then treated with DNase I. cDNA prepared from total RNA with Ready-To-Go RT-PCR beads (GE Healthcare) and with the Oligo (dT) primer was subjected to PCR for 40 cycles with ExTaq polymerase (Takara) and the following primer sets: 5'-TTGCTTAAATTCATCCACAAAG-3' and 5'-TGACGATCAATCACATCCTTGAG-3' for α-DOX1, 5'-GGATCCAGTTCATGATCCATG-3' and 5'-ATCGCATCCATTGATCGGTTAAC-3' for α-DOX2, and 5'-AGAGATTCAGATGCCCAGAAGTCTTGTTCC-3' and 5'-AACGATTCCTGGACCTGCCTCATCATACTC-3' for Actin2.
Quantitative RT-PCR
A. thaliana leaves were used 0, 2, 4 or 7 days after inoculation with C. higginsianum.
Total RNA was isolated from the leaves and cDNA was prepared as described above. The cDNA was quantified with gene-specific probes (At02162482_g1 for α-DOX1 and At02335270_gH for Actin2; Applied Biosystems, Foster City, CA) and the TaqMan Gene Expression Assay Kit of the 7500 Real-Time PCR System (Applied Biosystems). The relative quantity of target mRNA was calculated using Actin2 as a control (Shirakawa et al., 2010) .
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: CLO1 (At4g26740), CLO2 (At5g55240), CLO3 (At2g33380), CLO4 (At1g70670), α-DOX1 (At3g01420), α-DOX2 (At1g73680), and Actin2 (At3g18780).
Supplemental Data
The following materials are available in the online version of this article. Figure S1 . Gene-expression patterns of CLO3 and α-DOX1 in the developing and senescing leaves. A, mRNA levels of CLO3 in whole leaves after fungal infection. The mRNA level at 2 days was defined as 1.0. Vertical bars indicate the 95% confidence intervals for three experiments. The Actin2 gene was included as a control. B, Changes in the levels of CLO3 protein in response to infection with C. higginsianum. Extracts from leaves infected with C. higginsianum were subjected to immunoblotting with a specific antibody against CLO3. C, mRNA levels of α-DOX1 in whole leaves after fungal infection. The mRNA level at 2 days was defined as 1.0. Vertical bars indicate the 95% confidence intervals for three experiments. The Actin2 gene was included as a control. n.d., not detected. hours. α-DOX1 and CLO3 together generate a new peak (P1) from α-linolenic acid. E, Tandem mass spectrometry profiles of the P1 fraction (upper) and a standard of 2-hydroxy-octadecatrienoic acid (2-HOT, lower) identifying the product of the P1 fraction as 2-HOT. F, Possible α-dioxygenase pathway for the production of 2-HOT from α-linolenic acid involving the cooperative action of α-DOX1 and CLO3. . Anti-fungal activity of 2-HOT against C. higginsianum and C. orbiculare. A, A. thaliana leaves that were drop-inoculated with spore suspensions of C. higginsianum containing 2-HOT (0, 25, and 50 µM). Images were obtained 7 days after the inoculation. Red dots indicate drop-inoculated leaves. B, Number of leaves forming lesions after infection with C. higginsianum. Statistical analyses were performed on three independent infection experiments. Photographs of the infected plants are shown in (A) and Supplemental Fig. S5 . C, Effect of 2-HOT on the germination rate of C. higginsianum spores on A. thaliana leaves. Drops containing spores and the indicated compounds were placed on the leaves and viewed after 1 day. None, solvent only (0.3% ethanol). Vertical bars indicate standard deviations of three repeated experiments. D, Cucumber cotyledons were drop-inoculated with spore suspensions of another species of Colletotrichum, C. orbiculare, containing 2-HOT (0, 25, and 50 µM). Images were obtained 7 days after the inoculation. E, Effect of 2-HOT on the germination rate of C. orbiculare spores. Drops containing spores and the indicated compounds were placed on a microscope slide and viewed after 3 hours. None, solvent only (0.3% ethanol). Vertical bars indicate standard deviations of three repeated experiments. F, Photographs of the germination rate of C. orbiculare spores. Spore suspensions with or without 2-HOT containing spores and the indicated compounds were placed on a microscope slide and viewed after 3 hours. none, spore suspension (0.3% ethanol); Co, conidia; Ap, appressorium. α-dox1-4, α-dox2-2, α-dox2-1, α-dox1-1 α-dox2-2 and α-dox1-4 α-dox2-1) were measured by LC-MS. The leaves at 4 days after C. higginsianum infection (A, infected leaf), senescent leaves (B), and intact leaves were used. Data represent average values ± standard deviations (error bars). Details of values were provided in Supplemental Fig. S6A . 
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